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Nutrition of the foetus and the newly born 43 gestation, and in those species where it is high at term, there is a steady rise during the last third of gestation. High concentrations of glycogen are also present in thc foetal heart. T h e concentration is about ten times the adult level early in gestation, but later it usually falls and the level at term (Table I ) varies with foetal 'maturity', It is high in the rat, which is born naked, blind, and relatively helpless, but has fallen to the adult level in the guinea-pig, which is born looking and behaving like a miniature adult. Man may be exceptional in that the high concentration of early foetal life is maintained right up to term.
T o some extent the accumulation of foetal glycogen can be influenced by nutrition. I n rabbits the foetal liver glycogen concentration at term could be lowered by chronic restriction of the mother's food intake to 20-25% throughout the whole or the last third of pregnancy (Hafez, Lindsay & Moustafa, 1967; Harding & Shelley, 1967) , or acute restriction to 10% or zero during the last 3 days (H. J. Shelley, unpublished experiments; term is 31 days). T h e foetal weights were usually reduced slightly, and the reduction in liver glycogen was greatest in the smallest foetuses where the liver weight was also unusually low relative to bodyweight. There was no effect on the cardiac or skeletal muscle glycogen concentration in the rabbits, but babies of low birth weight for the period of gestation who died during the neonatal period were found to have unusually low concentrations of glycogen in both the liver and the skeletal muscles (Shelley, 1968) ; such babies are thought to be the product of chronic placental insufficiency and intra-uterine malnutrition.
T h e factors responsible for the changes in tissue glycogen concentration at different stages of foetal development are not yet fully understood. I n foetal liver, the only tissue studied in detail, the activity of the enzymes concerned with glycogen synthesis increases at about the time that glycogen begins to accumulate. The increase in enzyme activity and the rise in liver glycogen appear to depend on foetal pituitary and adrenal function; both cortisone and a pituitary or placental 'growth hormone' may be involved.
SYMPOSIUM PROCEEDINGS I969

Carbohydrate metabolism after birth
The diet of the neonate is very different from that of the foetus. l'he lipid-poor, carbohydrate-rich, trans-placental food supply is replaced by milk, which, except in equine species, has a lipid content ("/) equal to or greater than its carbohydrate content. Even the nature of the carbohydrate has changed. Lactose has replaced glucose, and instead of being delivered straight into the blood via the placenta, it must be hydrolysed and absorbed from the gut as a mixture of glucose and galactose. Not surprisingly, the activity of the enzymes responsible for lactose hydrolysis (P-galactosidase) in the small intestine rises shortly before birth and is very much higher during the suckling period than in the adult ( Table 2) ; the ability of the liver weekst gestation *The activity of the enzyme in the small intcstine; all other activities refer to liver enzymes at a specified +The activity of fructose-I-6-diphosphatase in adult sheep liver is unusually high.
age after birth.
Vol. 28 45 to phosphorylate galactose (galactokinase activity) and convert it into glucose (galactose-I-phosphate uridylyltransferase activity) is also high at this time. But lactation is seldom fully established until several days after birth and during this time the neonate must be largely dependent on his own reserves. I n all species the liver glycogen concentration falls to about 10% of the level at term within a few hours of birth and remains low for several days. T h e activity of the enzymes necessary for liver glycogen mobilization is high (Table 2) ; the activities of 01-glucan phosphorylase (the enzyme responsible for phosphorolysis of glycogen) and glucose-6-phosphatase (which releases free glucose from glucose-6-phosphate) usually reach adult levels before term, but immediately after birth there is a dramatic rise in glucose-6-phosphatase activity to several times the adult level. 'The skeletal muscle glycogen concentration also falls after birth, but more slowly than the liver glycogen. I n the general musculature adult levels are usually reached within 2-3 days but the fall may be more rapid in actively working muscles such as those associated with respiration. There is no sudden change in cardiac glycogen in normal neonates, merely a gradual decline with increasing age, though the concentration may fall rapidly during fasting. The enzymes of glycogen metabolism have not been investigated in neonatal cardiac or skeletal muscle.
But the foetal glycogen reserves are sufficient to supply the energy needs of the newborn animal for only a few hours, and even whcn lactation becomes established, the amount of carbohydrate available is not large. Several changes occur which tend to conserve glucose during the suckling period. T h e large postnatal rise in plasma free fatty acids, which has been demonstrated repeatedly in lambs and babies, may suppress the rate of glucose uptake by the tissues (Randle, Garland, , 1963) , and the fall in RQ from about 1.0 towards 0.7, which occurs soon after birth in babies and guinea-pigs, suggests a shift from carbohydrate to fatty acid oxidation. I n babies the plasma glycerol and ketone body levels also rise after birth, providing two further substrates for oxidation. T h e rise in ketone bodies is of particular interest in that brain slices from infant rats are able to oxidize acetoacetate as readily as glucose, suggesting that ketones may be an important substrate in the newborn for what has hitherto been considered a glucose-dependent tissue. Support for this concept is provided by recent studies on adult man (Cahill & Owen, 1968) where, during fasting, cerebral glucose uptake falls and that of ketones rises until, after 40 days, more than 8o0,& of the cerebral energy supply can be accounted for by ketone oxidation. The glycolytic ability of the liver falls rapidly in newborn rats, owing mainly to a decrease in the activity of the two rate-limiting enzymes hexokinase (EC 2.7.1.1) and phosphofructokinase (EC 2.7.1.1 I ) and the rise in glucose-6-phosphatase. Pyruvate kinase (EC 2.7.1.40) activity also falls after birth in rat liver, and the dramatic fall in ATP citrate lyase (EC 4.1.3.6) to about one-twentieth of the adult activity (Vernon & Walker, 1968a ) is probably responsible for the large postnatal fall in hepatic lipogenesis (Taylor, Bailey & Bartley, 1967) . In addition, the activities of two enzymes important for gluconeogenesis rise to high levels during the suckling period (Table 2 ) and, in both rats and sheep, the ability of the liver to convert pyruvate into glucose reaches about
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https://www.cambridge.org/core/terms. https://doi.org/10.1079/PNS19690008 five times the adult rate at 2-3 weeks after birth. T h e ability to oxidize amino acids and incorporate them into glucose or glycogen also develops over this period in puppies and rats (Yarnell et al. 1966; Young & Oliver, 1967) , and since in liver from 5-day-old rats the rate of glyconeogenesis from amino acids is twice that in adult liver, it is probable that these become the main precursors for gluconeogenesis. 'The net result of all these changes is that, providing the milk intake is adequate, the blood glucose and liver glycogen concentrations rise from the very low levels in the immediate postnatal period to reach adult values within 1-3 weeks of birth.
At weaning relatively large amounts of carbohydrate become available in the diet and many of these changes are reversed (Tablc 2). Whereas the changes in pgalactosidase and galactokinase activities, appear to be independent of the presence or absence of lactose or galactose (Doell & ). I n general the change from milk to a glucose-rich diet promoted the activity of enzymes concerned with glucose utilization and lipogenesis and suppressed those involved in gluconeogenesis ; weaning on to a carbohydratepoor, protein-rich diet led to the maintenance of a high rate of gluconeogenesis, while a high-lipid diet was especially effective in maintaining low activities of pyruvate kinase and A T P citrate lyase. T h e activity of glucokinase (EC 2.7.1.2, an enzyme phosphorylating glucose at high substrate concentration), which first appears in rat liver at weaning time, can also be influenced by the glucose content of the diet; it is of some interest that this enzyme is never present in sheep liver, where the dietary supply of glucose is always low because of fermentation in the rumen. But the carbohydrate content of natural diets is mostly in the form of polysaccharides, not glucose, The amylase activity of the rat pancreas rises during the weaning period and many of the intestinal disaccharidases first appear at this time.
Whether their activity is affected by diet is uncertain. It is probable that, as with P-galactosidase, their appearance is decided by genetic rather than environmental factors.
Carbohydrate metabolism during oxygen lack
T h e role of carbohydrate metabolism in the well-oxygenated neonate has been discussed in some detail, but foetal and newborn animals probably run a greater risk of becoming short of oxygen than at any time in later life. I n anoxia anaerobic glycolysis becomes the only major source of energy, and if this is inhibited the remarkable ability of newborn animals to survive in the absence of oxygen is greatly reduced; a newborn rat at 24' will normally gasp for 50 min in 100% N, but for only 3 min after pretreatment with iodoacetate, no longer than the normal adult.
T h e prolonged anoxic survival of the untreated rats was partly due to hypothermia, but even at 36-38", newborn rats will survive for 28 min and foetal sheep in midgestation for as long as 40 min (Table 3) . This ability is lost with increasing 'maturity' in both foetal and newborn animals, and that of lambs and guinea-pigs at term is little better than that of adults.
Nutrition of the foetus and the newly born Table 3 . Cardiac glycogen concentrations and anaerobic survival in foetal and infant animals (The foetal animals were asphyxiated by tying the umbilical cord and covering the head with a salinefilled bag (sheep) or by total immersion in a saline bath after cutting the umbilical cord (rabbits). The infant animals were placed in IOO % N, (rats) tlmmature foetal lambs do not gasp regularly during asphyxia but they appeared to recover onuntying the umbilical cord after 40 min. The other values all refer to the time of last gasp; if oxygen is readmitted before this, the animals recover spontaneously.
During anoxia large amounts of lactate accumulate in the blood and tissues of newborn rats and mice and it was suggested that they might have an unusual capacity for glycolysis which was lost with increasing age. But thc initial rate of lactate accumulation is similar in foetal lambs of different ages and in adult sheep, though their anoxic survival times are very different. It seems more likely that anoxic survival is determined, not by changes in enzyme activity, but by the availability of glucose or glycogen to a vital organ such as the heart or brain. T h e glycogen content of the brain is low at all ages, but that of the heart is extremely variable (Table I ) and, within limits, is closely related to the ability to survive anoxia ( Table  3) . The cardiac glycogen concentration falls rapidly during anoxia; when the initial concentration is low it is soon exhausted, but when it is high the circulation can be maintained for a relatively long time.
Maintenance of the circulation is important for at least two reasons. Obviously it will be needed when oxygen is readmitted, but the brain is dependent on the circulation during anoxia. T h e time to last gasp of the isolated head of a newborn rat or of foetal monkeys asphyxiated by removing the heart is about half that of the intact animals. This dependence is related to the glucose supply to the brain, since in anoxic newborn rats the time to last gasp is also halved in insulin hypoglycaemia, although the initial cardiac glycogen concentration and the activity of the heart are unaffected. Conversely the time to last gasp can be prolonged by administering glucose to newborn rats from a litter where the liver glycogen is low and the blood glucose falls during anoxia. It is important to note that whenever large amounts of Iiycr glycogen are present, the blood glucose rises during anoxia in foetal and nemhorn animals. But the bufTering capacity of the blood is also important. T h e arterial pEI falls rapidly-during anoxia, owing to the high rate of lactic acid formation in the tissues, a i d glycolysis is gradually in!iibitect ; when the artcrial pH falls below 6.9 thcrc is no further rise in tissue lactatc. Thus iii many animals death occurs before the cardiac glycogen is exhausted while the blood glucose concentration i s still high. Rut if the artcrial pII is kept a t~~v e 7-2 by infusing a base (sodium carhnate, tvis or triethanolarnine) airti the hlood glucose is kept high, the rate of lactate accumulation in asphyxiatecl foetal lambs in mid-gestation can be maintained at a high rate almost indefinitcly a d survival can be prolonged; in one experimcnt the foetus recovered after 80 rriin asphyxia, twice the usual survival time. Rut this treatment is less effective in mature foetal lambs and monhcys and there are other factors besides the glycolytic ability of the tissues which determine their tolerance to anoxia. 'lhere is good evidence to suggest that the basal encrgy requirements of imniaturc tissues may be less than those oi adult tissues, and that therefore they can survive for longer at the relatively low level of A?'P production provided by anaerobic glycolysis.
Conclusions
Several aspects of foetal arid iieonatal carbohydrate metabolism have been neglected in this discussion. For instance, the role of fructose in the foetus, and of the high concentration of glycogen in some other tissues (placenta, lungs, intestinal mueosa) early in gestation, is not clear, and little is known fur certain about the hormonal control of carbohydrate metabolisni in the nconate. n u t our knowledge of other aspects of carbohydrate metabolism is advancing rapidly and it is pertinent to ask to what extciit the information gained from animals can he applied to the human infant. Again our knowledge is scanty, but it suggests that, in general, the role of carbohydrate metabolisn-i in the human nconate i s similar to that in animals. But there appears to be one important difference mhich should be borne in mind. I n primates, both man and monkey, most of the developmental changes which have been investigated occur at a relatively early stage. For instance the rise in liver glycogen, the appearance of glucose-6-phospliatase activity, and the dcvelopment of several intestinal disaccharidases occur in the second trimester in man. The remarkable ability of the human infant to survive premature delivery suggests that many other changes also occur at an early stage of gestation, and it is not safe to assume that, because an enzyme is absent from a newborn rat, the same is true of the newborn baby. But the low blood glucose levcls often seen in newborn b a l k s (sce Neligan, 1969) and the changes with age in the response to glucagon suggest that the capacity for glucorieogcnesis does not develop until after birth, and the slow rate of utilization of a glucose load suggests that, like the newborn rat, the newborn baby is doing all it can to conserve what glucose is available to it.
